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Abstract 
Low frequency acoustic velocity measurements have been applied for the characterization of microbubble clouds generated in 
water. This method, based on the Wood’s model (1941) links the acoustic velocity throughout a two-phase medium to its void 
fraction value. Low frequency means below resonance frequencies of the bubbles inside the cloud. An original bench was 
developed to allow the qualification of this method. The experiments conducted allowed us to characterize void fraction values 
between 10-3 and 10-7. The radii of the studied microbubbles are between a few micrometers and a hundred micrometers. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
Keywords: Microbubbles; Velocity; Wood’s model; Void fraction; Sodium Fast Reactors 
1. Introduction 
The characterization of gas-liquid mixtures is a problematic that has been deeply investigated since several 
decades. Despite of all, no universal solution exists; depending on the density and the size of the bubbles, many 
different techniques are proposed in the literature: optical methods, acoustic methods, electrical or electromagnetic 
methods, methods based on the emission of ionizing radiation… Even if we focus on acoustical methods, hundreds 
of papers around a large number of different methods exist… In fact, for each bubbly medium characterization 
problematic, R&D has to be done. 
In the SFR (Sodium Fast Reactor), which represent a possible option for 4th generation nuclear reactors, liquid 
sodium is used as coolant. In SFRs, phenomena such as gas entrainment or nucleation can lead to the presence of 
gaseous microbubbles within the primary vessel liquid sodium. This presence has no direct impact on the core 
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neutronics but it can lead among others to gas pocket accumulation and sodium acoustics properties (attenuation and 
speed of sound) modifications (Cavaro, 2013). To assess these consequences, different bubbles characterization 
techniques are currently developed at CEA. 
The feedback of the French SFR Superphénix shows that we should expect a void fraction value around 10-6 and 
bubble radii ranged between 10 μm and 100 μm. Adding the fact that the liquid sodium is opaque, we turn our 
attention to microbubbles clouds characterization techniques based on acoustics. R&D on different techniques is 
ongoing at CEA. Low-Frequency Acoustic Velocity Measurements based on the Wood’s model are presented here. 
 
Nomenclature 
ݒ phase velocity (with indexes : m for mixture, l for liquid and g for gas) [m.s-1] 
ߩ  density (with indexes : l for liquid and g for gas) [kg.m-3] 
߯ adiabatic compressibility (with indexes : l for liquid and g for gas) [Pa-1] 
߬ void fraction (= volumic fraction of gas) 
ߛ adiabatic index of gas 
݌ pressure [Pa] 
2. The Wood’s model 
2.1. From the void fraction to the acoustic velocity 
The Wood’s model (1941) is based on the definition of the phase velocity in a liquid: 
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Thanks to the definition of equivalent density and compressibility of the mixture, the phase velocity in a gas-
liquid mixture ݒ௠ – also known as Wood’s velocity – is given by:  
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The figure 1(a) is the plot of this model for a liquid sodium / argon mixture under 1 bar at 500°C. For a void 
fraction as low as 5.10-7, a 1% decrease of the velocity is achieved. For a 5.10-6 void fraction, this decrease reaches 
10%. 
   
Fig. 1. (a) The velocity in a liquid sodium / argon mixture according to the Wood’s model (1 bar, 500°C). (b) The velocity through a bubble cloud  
(air/water mixture, radius of the bubbles: 20 μm, void fraction: 10-4). Validity domain of the Wood’s model is given by the grey area. 
The experimental implementation of the Wood’s model is thus very interesting for the measure of very low void 
fraction. This model nevertheless has a major limitation: a restrained frequency validity domain.  
(a) (b) 
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2.2. Validity of the model 
The Wood’s model implies the consideration of an equivalent medium. It means that the dynamic behavior of the 
bubbles has to be negligible. As a consequence, the Wood’s model is only applicable for working frequencies below 
the resonance frequencies of the bubbles present in the cloud. The figure 1(b) gives an example of the velocity 
through a bubble cloud. The resonance frequency of 20 μm bubbles – around 175 kHz – is clearly observed. In this 
case, the validity domain of the Wood’s model is below 30 kHz. In this frequency range, velocity becomes 
independent of the frequency and is linkable to the void fraction thanks to equation 2. 
2.3. Background 
Low-Frequency Acoustic Velocity Measurement (LF-AVM) has been experimented since a long time. Main 
works had been conducted by Silberman (1957) for void fractions between 10-2 and 10-4 and Karplus (1958) for void 
fraction between 0.67 and 10-2.  Several studies have been conducted more recently in the sea, particularly by Terril 
et al. (1997). Velocity variations corresponding to lower void fractions were observed but without validation of the 
measurements. 
As far as we know, validated measurements of extremely low void fractions – between 10-5 and 10-7 – has never 
been reported in the literature. And whatever the void fraction, Wood’s model implementation in liquid metals has 
never been experimented. 
3. Experiments 
3.1. The ACWABUL bench 
In order to implement bubble characterization acoustical techniques on Sodium Fast Reactors, we have developed 
the ACWABUL (Acoustic Characterization in WAter of BUbbLes) set-up. This water bench allows us to further 
experiments under conditions closer to real industrial conditions: large and fully bubbly volume, variable void 
fraction and bubble radii histograms… 
Seen the acoustic similarities between water at 20°C and sodium at 550°C, if the implementation LF-AVM were 
validated in water with sodium compatible transducers, there could be a good chance that it would work in liquid 
sodium and thus in SFRs. 
The microbubble generation in ACWABUL is based on the cavitation of air-oversaturated water. As this process 
is difficult to predict, we use an optical device to get reference measurements of the bubble clouds. This device 
allows us to get pictures and histograms and the bubble radii (figure 3). 
 
Fig. 3. Pictures obtained with the optical device (a) and histograms produced after image processing (b) 
(a) (b) 
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3.2. Electronic implementation of the LF-AVM 
The implantation of the LF-AVM is relatively simple (figure 4). Two sodium compatible transducers – the 
TUSHTs: Hight Temperature US Transducers – are used in a through transmission mode. The distance between the 
two is known: 30 cm. Low frequency sine pulses – 5 to 50 cycles – are generated by a Tektronix AFG3022. These 
pulses are amplified with a CIPRIAN US-TXP-3. At reception, signals are amplified with a charge amplifier Bruel 
& Kjaer 2635 and filtered with a Krohn-Hite 3945 before acquisition. 
 
 
Fig. 4. Outline of the electronic implementation of the LF-AVM 
4. Results 
4.1. Seen Velocity variation observations 
  
Fig. 5. (a) Velocity through the figure 3 cloud with the Wood’s domain in grey: below 20 kHz.  
(b) Received signals at 15 kHz (5 cycles) without bubbles (dashed curve) and with bubbles (red curve). 
As mentioned in §.2.2, LF-AVM implies to work below the resonance frequencies of the bubble present in the 
bubble cloud. The figure 5(a) gives the velocity through the cloud presented on figure 3(b). The Wood’s model 
appears to be applicable below 20 kHz. 
Figure 5(b) presents a result experimentally obtained with the configuration described in §.3.2. A clear time shift 
of a 15 kHz 5 cycles sine pulse corresponding to a velocity decrease is obtained. 
From observation of time-shift, equivalent void fraction is obtained by an interrelation between signals with and 
without bubbles. As the propagation distance is known, the resulting time-of-flight difference is converted into a 
velocity for the bubbly configuration. 
Finally, thanks to the Wood’s model, this velocity is converted into a void fraction value. By repetition of the 
emitted pulse, curve of void fraction can be obtained. 
4.2. Experimental results on microbubbles clouds 
Figure 6 presents two void fraction curves. On the curve (a), we have an almost stable cloud. Void fraction values 
oscillate around 2.10-5. On the curve (b), we have a stable cloud on the left side of the arrow with a void fraction 
around 10-4 and a decreasing value of the void fraction on the right side of the arrow representing the stopping of the 
(a) 
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bubbler. This decrease is coherent with the decantation of the microbubble cloud. Determination of the void fraction 
seems to be workable until 3.10-7. 
    
Fig. 6. Void fraction curves obtained on a “stable” cloud (a) and on a decanting cloud after stopping of the bubbler represented by the arrow (b) 
These results are encouraging but there is a major limitation for the time being: our optical device does not 
provide us a reference value for the void fraction. This point is being resolved but meanwhile we have no validation 
of results obtained acoustically. 
5. Conclusions 
For the measurement in Sodium Fast Reactors of void fractions as low as 10-6, Low-Frequency Acoustic Velocity 
Measurement technique seem to be a good candidate. The experimentations conducted in water with air 
microbubble clouds have to be confirmed optically but velocity variations corresponding to void fractions between 
10-4 and 10-7 have been observed. 
It is interesting to note that the technique has been implemented with liquid sodium compatible transducers. As a 
consequence, transposition of the technique to liquid sodium will not be a real issue from the transducers point of 
view. In fact, the true challenge lies in the generation of mastered microbubbles clouds in liquid sodium. No solution 
has been validated for now but R&D is ongoing. 
As void fraction value is not enough for a complete characterization of a bubble cloud, CEA also conducts R&D 
on other acoustical techniques able to provide the histogram of the bubble radii. We work in particular on nonlinear 
frequency mixing (Cavaro, 2013). 
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